Microbial cells in suspension were added to two soils. After drying, the degree of aggregation and stability of the aggregates to water was estimated by adding water, shaking and measuring turbidimetrically the particles remaining in suspension. In a silt loam (Hamble series), Azotobacter chroococcum, Lipomyces starkeyi and Pseudoinonas sp. all promoted the stabilization of aggregates, this being related to the number of cells added, but Mucor hiemalis inhibited the process. In a clay soil (Denchworth series), Mucor hiemalis and Pseudomonas sp. both promoted stabilization. The stabilization of the silt loam by Lipomyces starkeyi was also produced by the polysaccharide extracted from the cell.
I N T R O D U C T I O N
Aggregation in soil is the coalescence of particles to form aggregates, and stability is a measure of the resistance of the aggregates to stress. Waksman & Martin (1939) were the first to observe that micro-organisms, particularly fungi, could bind soils into stable masses. Similar conclusions were reached by McCalla (1946) , Swaby (1949) , Harris et al. (1964) , Aspiras et al. (197 1) and Gasperi-Mago & Troeh (1979) .
From their relative sizes, bacteria seem likely to provide the cementing action between particles and fungi the binding action around them. Microbial polysaccharides are at least partially involved in this action (for reviews, see Hepper, 1975; Lynch, 1976) . Microorganisms have the potential to bind soil particles by both adhesion of extracellular polymers and enzymes and by charge interactions (Burns, 1980; Fletcher et al., 1980; Stotzky, 1980) , but no investigation has clearly distinguished these effects.
An objection to some of the earlier studies is that micro-organisms were added to soils with large quantities of unnatural substrates, such as free glucose, and aggregate stability was measured after a period of incubation of a few days or weeks. The size of the increased biomass generated by incubation was unknown. The aim of the present experiments was to assess the interaction between the mass of microbial cells and soil particles. I have therefore added known cell biomasses to soils and avoided incubation, so that any increase in stability is only associated with the added cell mass.
Several methods have been used to estimate the stability of soil aggregates to water after treatment with micro-organisms; these include wet-sieving (Skinner, 1979) , disintegration by dropping water (Griffiths & Jones, 1965) , and shaking in water to release particles into suspension which are measured by turbidimetry (Gilmour et al., 1948) . It is not clear which is the most meaningful technique (Emerson et al., 1978) and the reiationship between laboratory determinations and soil stability in the field is uncertain. However, Williams et al. (1966) have argued in favour of the turbidimetric procedure for comparing small soil samples. Therefore this procedure has been used here to investigate the stability of:two soils following the addition of known cell biomasses of micro-organisms (two bacteria, a yeast and a fungus) which are not only widespread but are frequently dominant in the soil or rhizosphere. The technique used measures a combination of aggregation and stability. The structural stabilities of the two soils studied differed greatly, the silt loam (Jarvis, 1968) having a much weaker structure than the clay (Jarvis, 1973) . The aggregates of the former were more prone to slaking and destruction by water.
M E T H O D S
Soils. A clay soil (classification: UK, Stagnogley; USDA, Typic Haplaquept; FAO/UNESCO, Eutric Gleysol) and a silt loam (classification: UK, Argillic Brown Earth; USDA, Typic Haplundalf; FAO/UNESCO, Orthic Luvisol) were used. The soils were air-dried and sieved to pass a 2 mm mesh. Their characteristics are summarized in Table 1 . The oxidizable carbon content (Walkley & Black, 1934) was estimated on a Technicon Auto Analyser by measuring the light absorption of the green colour produced by the reduction of potassium dichromate during the oxidation process; a sucrose solution was used for standardization. The natural biomass in the soil at the time of sampling (before air drying) was estimated from the results of Lynch & Panting (1980b) . The pH was measured in a 1 : 2.5 suspension in water. The cation exchange capacity was determined by exchanging ammonium ions and extracting them with potassium chloride solution (Anon, 1973). The particle size distribution was found by dispersing peroxidized samples with sodium hexametaphosphate (Avery & Bascombe, 1974) . The Denchworth series soil had a greater clay content, of mixed composition (interstratified mica-montmorillonite/kaolinite/mica in the ratio 2 : 1 : l), and a larger cation exchange capacity than the Hamble series silt loam.
Micro-organisms. All micro-organisms were grown at 25 OC for 7 d unless specified otherwise. A Pseudomonas sp. was isolated as a dominant colonist of the rhizosphere of maize and cultured on nutrient broth (Bennett & Lynch, 1981) . Azotobacter chroococcum, which has been used as a seed inoculant to stimulate plant growth, was cultured on a defined medium with added nitrogen as described by Harper & Lynch (1979) . Lipomyces starkeyi, a common soil yeast, was grown for 14 d on a medium containing glucose (50 g I-') and peptone (10 g I-' ). The polysaccharide of this yeast was extracted as described by Jones & Griffiths (1967) . Mucor hiemalis was grown on a defined medium as described by Lynch & Harper (1 974) .
The cells were harvested by centrifugation, resuspended in fresh deionized water and re-centrifuged. This procedure was repeated three times. The cells or polysaccharide were then suspended in deionized water at a known concentration with respect to dry weight. The fungal mycelium was lightly homogenized to produce a uniform suspension.
Addition of micro-organisms to soil. Soil (2 g) was placed in a boiling tube (capacity 100 ml). A portion of the microbial suspension was added and the total liquid volume was made up to 10 ml with deionized water. In controls, no micro-organisms were added. The resulting slurry was shaken vigorously and left to dry for 18 h at 60 " C to produce a solid mass which adhered to the tube. This temperature was considered the minimum necessary to prevent microbial growth and allow fairly rapid drying.
Determination of aggregate stability. Deionized water (60 ml) was added to the soil. The tube was stoppered and inverted end-over-end 20 times at a constant rate over a period of 45 s, which liberated the solid mass into suspension. The tube contents were then transferred to a fresh tube, and this was placed in a turbidimeter similar to that described by Davidson & Evans (1960) . The reading on the digital voltmeter output was determined after a further 60 s, that being the time when rapid changes in the readings ceased.
The contribution of micro-organisms themselves to the turbidity was assessed. Portions of the microbial suspensions were added to tubes without soil and dried. Deionized water (60 ml) was then added to each tube and A calibration curve of turbidity against percentage suspended soil (i.e. the proportion of the soil in suspension after standing for 1 min) was constructed. Soil was added to deionized water in a tube, inverted 20 times during 45 s and left to settle for 1 min. Samples were pipetted into fresh tubes, the volumes were made up to 60 ml and the turbidities were determined. The suspension was then filtered through a weighed filter paper, dried and reweighed. A calibration curve of turbidity against the percentage of suspended soil when 2 g soil was shaken in water was produced. The treatments resulting in the least amount of suspended soil were taken to have the greatest aggregate stability.
R E S U L T S
The calibration curve for weight of suspended soil against turbidity was the same for both soils. However, because the soils have such different compositions, use of the turbidity method to compare the structural stabilities of the two soils would probably be misleading. The same weight of polysaccharide was added in each treatment I1 mg dry wt (g dry soil)-*] on the assumption that the polysaccharide is 50% of the cell dry weight (Jones & Griffiths. 1967 ).
Suspended soil Form of polysaccharide added
(Yo, WIW) Cells Purified extract None (control) 3.6 2.9 4.7 Least significant difference ( P = 0.05)
When the bacteria and the yeast were added to the silt loam, aggregation was increased in proportion to the amount of organism added (Fig. 1) . Azotobacter chroococcum seemed slightly less effective than Lipomyces starkeyi and Pseudomonas sp. The fungus Mucor hiemalis visibly promoted the aggregation of the soil after drying but the stability determined turbidimetrically was usually less than in soil without added organisms, although when very large amounts of organism were added the stability was similar to that of the unamended soil. This adverse effect of the fungus was not found in the clay soil; both visibly and turbidimetrically it had the same stabilizing effect as Pseudomonas sp. (Table 2) . A comparison of the effect of L . starkeyi and its associated polysaccharide showed that the purified polysaccharide was slightly more effective than the cell-bound material in promoting stabilization, but this difference was not significant (Table 3) .
D I S C U S S I O N
The finding that a common and widespread saprophytic soil fungus has the ability to produce stable aggregates of the clay under the test conditions is consistent with earlier investigations referred to in the Introduction. However, the inhibition of aggregation in the silt loam was unexpected. The fungus is unlikely to have destroyed aggregating agents as suggested by Aspiras et al. (1971) , because there was no growth. The result is, however, similar to that of Gilmour et al. (1 948) : in soils unamended by organic additions, aggregation was promoted by growing fungi in those with 45 and 21 % (w/w) clay, but not in one with only 11%.
Mycelium was homogenized and all cells were killed by heat, so that in this study microbial products rather than the cells per se were the principal agents in promoting or inhibiting stability. This would be consistent with the report of Harris et al. (1964) who suggested that microbial products and not numbers determine aggregate stabilization. The observations on the yeast and its polysaccharide are also consistent with this view.
It is useful to relate the microbial mass added to the soils in the laboratory system used here to that which can be present under field conditions. Modification of agricultural practices can alter the size of the soil microbial biomass (Lynch & Panting, 1980~7, b) , but the increase is seldom more than a factor of two. The present observations show that this could bring about only a small increase in aggregate stability. However, there is a much greater increase in the biomass immediately around the roots (the rhizosphere) and particularly on the roots (the rhizoplane). The rhizosphere biomass is difficult to estimate but the number of bacterial propagules in the rhizosphere soil has long been known to be greater than that in the bulk soil by a factor of about ten (Wallace & Lochhead, 1949) . Thus, the greatest potential for an increase in aggregate stability is around roots and indeed the growth of roots in soil is well known to promote aggregate stabilization (Allison, 1968; Harris et al., 1966; Reid & Goss, 1980) , although the contributions of the roots per se and micro-organisms have never been clearly distinguished. There is probably a dynamic balance between stimulation and inhibition of soil aggregation by micro-organisms but more work is clearly necessary, particularly on the effect of growing cells. 
